Starting from the observation of the relationships of the biological system with its environments and of the genetically determined neuronal properties of plasticity and rhythmicity, it is possible to propose a new hypothesis about the functional role and organization of the visceral nervous system based on the physical model of the Dissipative Structure by I. Prigogine. The similarily between the visceral nervous system function and this model is supported by the following observations: (1) The visceral nervous system is a complex system, composed of many interacting units, which works away from thermodynamic equilibrium; (2) the functional organization of the nervous system is strongly dependent on internal and external environmental stimuli; (3) it is characterized by the presence of rhythms and periodic behaviors and (4) the internal order of the system is maintained in the continuous interplay between function, structure and #uctuations. On the basis of the present hypothesis, a few general principles can be formulated: (1) the higher brain centers, the #uid matrix and the external world, are the visceral nervous system natural environments; (2) with which it is plastically interfaced as a thermodynamic dissipative structure; (3) its main functional role is to regulate, distribute and maintain ordered exchanges of matter, energy and information between these environments. The present is a general interpretation of the operations of the visceral nervous system as a whole. In the frame of this interpretation the hypotheses so far formulated, including the homeostatic theory, can be viewed as the description of discrete and complementary aspects of the visceral nervous system functions.
Introduction
The autonomic nervous system (ANS) may synthetically be de"ned as that part of the nervous system composed of a complex central network, of para-, pre-vertebral and cranial ganglia, of nerve plexuses and of peripheral e!erent and afferent neurons, which induces, regulates, coordinates, integrates and perceives visceral functions (JaK nig & HaK bler, 1999; Benarroch, 1999; Furness et al., 1999; Landsberg & Young, 2001) . Following a recent proposal (Blessing, 1997) , the Langley's term of &&autonomic'' as well as the term &&vegetative'' (JaK nig & HaK bler, 1999) will be avoided in the present paper, and the ANS will be simply termed the visceral nervous system (VNS). WB Cannon, in his analysis of the functional role of the VNS, used Claude Bernard's (1878) concept of the constancy of the &&milieu interieur'' as a necessary condition for survival and linked it to the functional role of the sympathetic nervous system, with the formulation of the homeostatic theory (HT) (Cannon, 1929; Recordati, 1984) . This theory, which has been and is one of the most widely used conceptual reference, assumes that the functional role of the sympathetic nervous system is to maintain the constancy of the #uid matrix, despite continuous threatening environmental stimuli (Cannon, 1929 (Cannon, , 1939 (Cannon, , 1953 Recordati, 1984) . On the other hand, WR Hess, who showed for the "rst time that instinctive behaviors may be elicited by electrical stimulation of discrete regions of the hypothalamus (Hess, 1957; Moruzzi, 1969) , proposed to view the functional role of the VNS in the mobilization and utilization of energies to do work (ergotropic function) and in the preservation of internal tissues (trophotropic} endophylactic function), functions respectively induced by the sympathetic and parasympathetic divisions of the VNS (Hess, 1957 (Hess, , pp. 35}42, 1981 . J. Pick shared Hess's view and described the VNS functional role in terms of the utilization (katabolic) and preservation (anabolic) of bodily energy stores (Pick, 1970, pp. 31}33) , in other words in the exchange of energy between the internal and external environments.
In comparison with the wide acceptance of Cannon's hypothesis, those formulated by Hess and Pick, although based on an extensive analysis of the comparative anatomy and physiology of the VNS and on evolutionary considerations received less attention at the time of their original presentation and were seldom used thereafter. ¹he actual wealth of knowledge about the <NS stimulates to proceed further, and to attempt at integrating the general principles about the functional properties of the <NS outlined above into an evolutionary perspective.
For this purpose and starting from the de"nition of a biological system (BS), the thermodynamic theory by I. Prigogine of the dissipative structure (DS) o!ers one of the safest moorings (Yates, 1987) . This theory was developed with the purpose of giving a physicist's description of the biological order, of the appearance of new ordered structures and of the biological evolution (Nicolis & Prigogine, 1977; Prigogine, 1978; Prigogine & Stengers, 1979 , 1984 . It will be used, therefore, as a model of reference to attempt an interpretation of the origin and evolution of the VNS and to propose a few general principles about the functional role and organization of the VNS. The following two premises are, however, needed to help in understanding the interpretation presented here. First, the model of the DS, as detailed in the next section, describes how a neuronal network, for example, may be shaped in the course of evolution by environmental forces or stimuli in order to give origin to organized groups of neurons, and their circuitries, with specialized common speci"c functions. The VNS is composed of many di!erent neuronal groups such as baro-and chemoreceptors, hypothalamic and brainstem centers. All of them, either subserving homeostatic or non-homeostatic functions, taken separately, may be described as discrete DS. All these DS have been assembling in the course of evolution to give rise to the actual structural and functional complexity of the VNS. It should be clear from the beginning that the present proposal, therefore, is not intended to dismiss nor to dispute the HT, but rather to build a general scheme of interpretation of VNS function, inside which the HT will also be included, because even homeostatic structures may be regarded as DS.
Second, in spite of the central and peripheral complexity of the VNS, in the present paper the VNS, for the sake of simplicity, will be considered as a single neuronal network, a single DS. By doing this, the cholinergic, adrenergic and the non-adrenergic non-cholinergic (NANC) outputs (Burnstock, 1986) , will be analysed under the aspect of their common functional properties only, such as the ability to utilize energy to do work, the neuronal plasticity, and their dynamic and rhythmic components. In the present paper, no mention will be made, for example, of the di!erent physiological actions of the sympathetic and parasympathetic components of the VNS. Hence, the general principles drawn at the end have been elaborated and should be considered valid for the three main divisions of the VNS: sympathetic, parasympathetic and enteric nervous system as de"ned by Langley (see JaK nig & HaK bler, 1999, p. 4) .
Given these premises, the aim of the present work is to attempt the design of a simple and, at the same time, comprehensive conceptual framework for the VNS as a whole inside which all the theories so far formulated may be placed, then providing investigators with a helpful theoretical instrument of reference (Recordati, 1984 (Recordati, , 1989 (Recordati, , 1990 . 
The Biological System and the Dissipative Structure
A BS may be de"ned as a thermodynamic open system continuously exchanging matter, energy and information with its environment. These exchanges in turn guarantee the stability and growth of the BS. Because of these characteristics the system is susceptible to evolution, adapting to a changing environment (Prigogine, 1978; Prigogine & Stengers, 1979; Omodeo, 1983) .
The thermodynamic theory for the living organism has been developed by I. Prigogine to give a physicist's description of the biological order and evolution. The appearance of ordered structures in the course of evolution and their maintenance are in principle possible if a #ow of negative entropy is supplied to the system, or if the system, to do work, import energy from outside (Prigogine, 1978; Prigogine & Stengers, 1979) . This condition may be valid for a thermodynamic open system composed of many interacting subunits and exchanging matter and energy with its environment. For the appearance of ordered structures additional conditions to be satis"ed are, "rst, that the thermodynamic open system does exist and work away from the thermodynamic equilibrium (see Section 3.1); second, that the functional organization of the system is kept in relation to the environmental forces, such as heat (see Section 3.2) and, third, that nonlinear dynamic relationships occur between the elements of the system. In biological complex structures this last condition is always satis"ed, because of the interactions of various and simultaneous chemical reactions and physiological processes the control of which implies highly nonlinear elements (Prigogine & Stengers, 1979 (Denton et al., 1990) .
In a thermodynamic open system, which works away from equilibrium under the in#uence of environmental physical forces, Prigogine & Stengers (1979, pp. 10}11 and p. 81) , have remarked that new ordered structures may thus appear. These structures are dissipative structures because they originate in the continuous exchange of matter and energy with the external environment, and utilize as well as dissipate energy to do work. These structures are ordered and the order inside the system is maintained through #uctuations which may be periodic and rhythmic with a strong dependency among structure, function and #uctuations (Section 3.3) (Prigogine, 1978) . As the system is driven far away from equilibrium, moreover, a single stationary-state may subdivide to give origin to two possible di!erent states of the system, the phenomenon of branching or bifurcation. This behavior, as it is known, is described by an ad hoc developed mathematical theory, the mathematics of catastrophes, and chaos (Nicolis & Prigogine, 1977; Prigogine, 1978; Prigogine & Stengers, 1984; Denton et al., 1990) .
In physics, a typical example of a DS is the regular convection cells generated in water brought above a critical temperature by an external source of heat. Intuitive sociobiological examples are the evolution of ecosystems, growth and distribution of populations and the formation of cooperative groups. Biological examples are the glycolytic cycle, protein synthesis and the separation of electrical charges across cellular membranes and amongst the most interesting and possible biological applications related to the present article, are the organization of neuronal, endocrine and immune networks (Nicolis & Prigogine, 1977, p. 466) . In this case, a neuronal network is considered as an open thermodynamic system exchanging matter and energy with the internal and external environments, and composed of many interacting units, the neuronal and glial cells. Under the in#uence of environmental forces and away from the thermodynamic equilibrium, new structures may appear, such as groups of neurons with shared functional properties, either directed towards maintaining constancy or towards promoting changes. For example, the arterial baroreceptors which emerged in the course of evolution to meet new conditions of terrestrial life, when stimulated cause a re#ex decrease of peripheral sympathetic ENVIRONMENTS AND VISCERAL NERVOUS SYSTEM activity (Segar, 1997) , while the arterial chemoreceptors, when stimulated produce opposite e!ects (de Burgh Daly, 1997) . The possibility exists that centrally located groups of neurons, such as hypothalamic and brainstem centers, were shaped by the complex interactions with the external and internal environments. For these reasons, Prigogine's theory of the DS is one of the main theoretical background for the description of the self-organization of the BS (Yates, 1987; Pattee, 1987) .
The concept that the model of the DS may be usefully applied to the study of the VNS and that it may satisfactorily describe the phylogenetic development of the VNS and its present con"guration is supported by the observation that the conditions necessary for the existence of a DS are all veri"able for the VNS, namely: (1) The VNS is composed of many interacting, nonlinearly related, units which contribute to keep the visceral apparatus and visceral function away from the thermodynamic equilibrium; (2) the functional organization of the VNS is maintained and is dependent on the action of the internal (higher brain centers and #uid matrix) and external stimuli, or forces, upon the system; (3) the VNS's function shows dynamic, rhythmical and periodic components, with a strong dependency among function, structure and #uctuations. As outlined by the de,nition of the BS and by the description of the DS given above, these conditions are the system1s properties which allow the appearance of new DS and, at the same time, system adaptation and evolution. These conditions will now be discussed in the following sections.
Experimental Evidence for the Proposed View

AWAY FROM EQUILIBRIUM
Blood volume displacement according to gravity force during standing is usually counterbalanced by increased sympathetic vasoconstrictor activity. When cardiovascular neurons are unable to develop an adequate distribution of pressure gradients inside the cardiovascular system, as during a vasovagal attack, blood volume may move towards equilibrium with the force of gravity and syncope occurs (Recordati, 1999; Mosqueda-Garcia et al., 2000) . Additional demonstrations are o!ered by symptoms occurring in peripheral autonomic failure and in all dysautonomic conditions: erectile dysfunction, hypohydrosis and compensatory hyperhydrosis, cardiac dysrythmias, alterations in gastrointestinal and bowel functions, salivary and lacrimal glands, are all indicative of the lack of an adequate function of the VNS and of adequately developed internal gradients (Bannister & Mathias, 1999) .
During normal daylife, the VNS continuously develops and maintains gradients with the outside environment and between di!erent compartments of our internal visceral apparatus: although all these VNS functions are usually seen as homeostatic, by these homeostatic actions the VNS keeps the BS away from thermodynamic equilibrium, away from a condition of equality with the environmental forces and works as a DS. Each behavioral response pattern is characterized by a typical distribution of internal gradients, in such a way that the term &&pattern'' indicates a coordinated and predictable target organ response to centrally driven activation and inhibition of speci"c VNS neuronal pools. For example, blood pressure, heart rate and sympathetic nervous system activity are lowest during synchronized sleep, and maximal during arousal, the "ght and #ight (defence) reaction and strenuous muscle exercise (Zanchetti, 1986; Sommers et al., 1993; Spyer, 1999; Folkow, 2000a) . The defence reaction is characterized by vasodilatation of skeletal muscle, heart and brain, vasoconstriction of gastrointestinal, renal and cutaneous vascular beds, and simultaneous lipid and carbohydrate mobilization from nutritional depots (Hilton, 1982; Zanchetti, 1986; Folkow, 2000a) . The main limbic}hypothalamic response patterns, such as defence, vigilance, defeat, playing dead and feeding reactions and the diving response, have been recently reviewed (Folkow, 2000a) . A similar description may be found for neuronal circuitries involved in thermoregulation (Nagashima et al., 2000) . Each behavior may therefore be characterized by different distributions of gradients in the internal environment and di!erent production of gradients with the outside world, in such a way that the VNS functional organization may be viewed as maintained through #uctuations amongst di!erent behavioral patterns.
In this connection, a symmetry between two extreme conditions is worth mentioning. During sleep, which is a behavioral condition internally oriented and characterized by the prevalence of vagal tone (Malliani, 2000) , the system temporarily loses the ability to regulate temperature (Parmeggiani, 1988) , i.e. developing adequate gradients with the outside environment. In contrast, during strenuous exercise, which is a behavioral condition externally oriented, characterized by a prevalence of sympathetic tone (Malliani, 2000) , the arterial barore#ex operating point shifts to higher pressures and the re#ex gain is reduced (Segar, 1997; DiCarlo & Bishop, 1999) , and consequently the ability of the system to regulate blood pressure, that is to maintain adequate gradients with the internal environment, is markedly decreased (Coote et al., 1979; Segar, 1997; Spyer, 1999; DiCarlo & Bishop, 1999) . For these reasons, the level of activation of the nervous system is usually described as behaviorally and physiologically state-dependent, this term underlining the state-speci"c neuronal differences and the dynamic properties of the neuronal circuitries (Hobson & Steriade, 1986; Lydic, 1987) . Likewise, the concepts of dynamic regulation and the dynamic speci"city of brain centers have been proposed (Koepchen et al., 1986) to indicate that the neural network is not steadily but dynamically connected: for a given input a di!erentiated output may be recorded during di!erent behavioral conditions (Hobson & Steriade, 1986; Koepchen et al., 1986) . For example, sympathetic pre-ganglionic neurons show distinct phases of activity correlated with the central respiratory drive, as well as re#exly modulated by pulmonary stretch receptors (Spyer, 1999) .
CONTRIBUTION OF STIMULI TO THE FUNCTIONAL ORGANIZATION OF THE VNS
When a stimulus induces alterations of a neuron membrane potential, a signal, and therefore a #ow of information, is generated, which may in#uence the activity of another neuron or of a target organ (Kandel, 1979 (Kandel, , 2000 Reinagel, 2001) . It has been recently shown that the input}output relationship of a sensory neuron depends not only on the stimulus intensity and on the variance (context) of the stimulus, but also on how frequently the stimulus conditions change (Fairhall et al., 2001; Reinagel, 2001) . On the basis of the genetic machinery and of the properties of the nervous cells, the functional organization of the VNS is therefore dependent on environmental stimuli. Which is to say that, like for other neuronal networks, the functional expression of the VNS depends on its genetically determined structural characteristics and on the use of this structure.
Neuronal Plasticity and ¹rophic Factors
Plasticity has been de"ned as the long-lasting changes in neuronal structure and function, such as synapses, axons and neurotransmitter phenotype, that follow environmental perturbations (Le Douarin et al., 1981; Cotman & Nieto-Sampedro, 1984; Easter et al., 1985; Arenander & de Vellis, 1989; Pincus et al., 1992) . On the basis of a genetic multipotency and of pre-determined plasticity, neurons are very responsive to environmental forces. Plasticity is also the key element in attempting an interpretation of the phylogenetic evolution of the VNS. Pick suggested that in the course of evolution, new functional expressions emerged, together with an increase in the sympathetic component in almost every visceral organ (Burnstock, 1969; Pick, 1970; Nilsson, 1983) .
In addition to plasticity, neurons of the VNS have a pre-determined necessity to establish synaptic connections with other neurons or target organs as exempli"ed by the description of the trophic factors as factors regulating neuronal survival and determining the long-term dependency between neurons and the cells that they innervate (transmitter expression, neurite growth, etc...) (Cowan et al., 1984; Arenander & de Vellis, 1989; Pincus et al., 1992; Hendry, 1992) . While the prototype of these factors is the Nerve Grown Factor, neuropeptides may exert regulatory effects at all stages of neural ontogeny (Pincus et al., 1992) .
¹he Final Common Pathway
Extending from Sherrington's concept, JaK nig proposed that also in the VNS the last two ENVIRONMENTS AND VISCERAL NERVOUS SYSTEM neurons in the pathway to the e!ector organ may be functionally characterized as the &&"nal common pathway'' (JaK nig & McLachlan, 1999) . As far as the post-synaptic membrane receptors are concerned, i.e. the connection with the target organ, adrenergic and muscarinic receptors are known to undergo complex dynamics, like denervation and decentralization supersensitivity, desensitization (downregulation) and modulation of the &&coupling'' of the receptors to their e!ectors: the number of adrenergic receptors and their sensitivity is dynamically regulated by a variety of circumstances, including diseases and therapeutic interventions (Lefkowitz et al., 1984; Rockman et al., 1997) , as well as circadian variations of neurotransmitter release (Vacas et al., 2001) .
Ontogenesis and Development
It is known that sensory, a!ective and cultural experiences are responsible for shaping the developing neural circuitry of the brain and that di!erent regions of the brain have di!erent critical periods of development (Kandel, 1979; Henry, 1997; Jessell & Sanes, 2000; Anand, 2000; Devroede, 2000) . From a condition of open loop, the environmental stimuli contribute to loop closure, hence to the establishment of those synaptic connections that are essential for the re#ex regulation of visceral functions (Katz & Shatz, 1996) .
The baroreceptor re#ex is an example of a well-studied autonomic re#ex circuitry modi-"ed by continuous environmental in#uences. The shift of the re#ex operating point towards higher pressures and the resetting, either central and peripheral, of the re#ex begins during fetal life and continues with postnatal development, maturation and aging (Segar, 1997) .
The sympathetic and parasympathetic components are asynchronous in their development. While the baroreceptor re#ex seems to be completely organized shortly after birth (Gootman, 1986; Segar, 1997) , a longer latency is required for micturition and defecation re#exes to be satisfactorily integrated at the supraspinal level. These pathways maintain an adequate plasticity also in adulthood, as is demonstrated by the partial reorganization of the re#ex at the spinal cord level after spinal cord traumatic injury, which allows automatic micturition to occur on activation of unmyelinated C-"ber a!erent neurones (Krenz & Weaver, 1998; de Groat, 1999) .
Conditioning, Sensory Deprivation and Deconditioning
From studies of operant conditioning in animals, it has been shown that repeated and prolonged stressfull stimuli may induce sympathetic nervous system activation, arterial hypertension and di!use target organ damage (Henry, 1997) . It is stimulating to compare the e!ects of excessive and inappropriate induction of stress, with the almost opposite condition of sensory deprivation. The neurons of the occipital cortex deprived of their normal visual sensory input, may become responsive to other stimuli, such as, for example, sound as an expression of the plasticity of function (Kandel, 1979; Katz & Shatz, 1996) . To underline the importance of stimuli in the organization of function it is also worth mentioning the well-known observation that normal men under con"nement, if isolated from any environmental synchronizer, and totally blind people have freerunning circadian rhythms (Hobson & Steriade, 1986; Sack et al., 2000) . Weightlessness during space #ights may also be considered an example of deprivation of the natural constraint of the force of gravity on the organism as a whole. The orthostatic intolerance (Buckey et al., 1996; Hughson & Bondar, 1999; Ertl et al., 2000) , together with bone demineralization and anemia which may ensue, may also be interpreted as an unmasking of the plasticity of function consequent upon the removal of an environmental constraint. Because of the well-developed plastic properties of the bulbar reticular formation (Hobson & Steriade, 1986) , a chronic peripheral sensory denervation, for example of arterial baroand chemoreceptors, may be followed by a central reorganization of re#ex pathways subserving the respiratory and the cardiovascular systems (Segar, 1997; de Burgh Daly, 1997; Mancia et al., 1999) .
Higher¸evel of Integration, Stress, Risk Factors and Cardiovascular Diseases
The complex patterns of response to environmental &&social'' stimuli originating at a 298 G. RECORDATI limbic}hypothalamic level (defence, defeat, and feeding reactions, diving response, etc.) are classi-"ed on the basis of their cardiovascular reactions (JaK nig & HaK bler, 1999; Spyer, 1999; Folkow, 2000a, b) . In this case, as in the case of emotions, the central nervous system is considered as the source of stimuli initiating VNS complex reactions, such as cholinergic muscle vasodilatation in the cat in the preparation of motion (Ellison & Zanchetti, 1971 Folkow, 2000a) . Similar considerations may apply to disorders that some authors have interpreted as &&civilization disorders'', such as primary hypertension and the metabolic syndrome (Henry, 1997; Landsberg, 1999; Folkow, 2000a, b) . This syndrome, which is also characterized by a di!use and still unspeci-"ed activation of the sympathetic nervous system and by hypertension, is a consistent risk factor for cardiovascular diseases and may be engendered in pre-disposed individuals by a diet rich in saturated fat, alcohol and smoking. The same considerations apply to stressful conditions (Henry, 1997; Folkow, 2000a, b) . In this case, however, in addition to genetically pre-disposing factors, the ontogenetic history of the individual, an inadequate a!ective environment and infant}mother relationship, may also acquire a relevant signi"cance (Kandel, 1979; Henry, 1997) . What is worth emphasizing in this context is that these kinds of stimuli need to be active for a prolonged period of time thus giving rise to the possibility that not only a neuroendocrine derangement occurs, but that new functional elements also become established such as developmental changes in the expression of angiotensin II receptors, receptor a$nity, and coupling of second messenger systems within central regions involved in the regulation of cardiovascular functions (Segar, 1997) .
In conclusion, the stimuli from the outside and inside environments may act upon the VNS at every level of integration of function to maintain the functional organization of the VNS. In other words and along an evolutionary perspective, it may be said that the genetically determined structure develops ontogenetically, becomes more di!erentiated with increasing complexity of the maintenance of functional structure speci"-city, and thus becomes more and more dependent on environmental stimuli.
RHYTHMS AND PERIODIC BEHAVIORS
The DS are characterized by a coherent behavior at a supramolecular level, which may give rise to repetitive, oscillatory and rhythmical behaviors (Prigogine, 1978) . Rhythms are also inherited properties of biological systems in general and of the VNS in particular. They originate from the interaction with the external environment (entrainment) and are related to day}night (circadian) and seasonal cycles, from the internal environment, and are related to rhythmic activity of visceral organs such as heart and lungs, and of sensory receptors, such as baro and cardiopulmonary receptors, and from endogenous oscillations of central neuronal networks (Hobson & Steriade, 1986; Lydic, 1989; Gebber et al., 1996; Malliani, 2000) .
Since the "rst recording made by Adrian and Bronk, e!erent sympathetic nerve activity is known to be bursting with cardiac and respiratory rhythmicity (McAllen & Malpas, 1997; JaK nig & HaK bler, 1999; Malliani, 2000) . Two principal fast rhythms have been described in sympathetic activity, blood pressure and heart rate: one at 10 Hz and the other at 2}6 Hz. This rhythmical activity has been extensively studied to interpret the in#uence of e!erent sympathetic or vagal tone to the target organs (Lydic, 1989; Gebber et al., 1996; Malliani, 2000) .
In pathophysiological states, while the nonlinear terms inside the system may become dominant, bifurcations may appear and the regular periodic behavior is lost: biological phenomena, such as heart rate, may thus become chaotic. Bifurcation mathematics and the chaos theory (see Section 2) have already been applied to verify if complex biological events, such as cardiac arrhythmias and heart failure, can be understood and predicted (Prigogine, 1978; Prigogine & Stengers, 1984; Denton et al., 1990; Lombardi, 2000) .
The presence of rhythms and periodic behaviors and the alteration of di!erent behavioral states such as sleep and arousal, indicate that the internal order of the VNS is maintained through #uctuations and that, as for the DS, a strong relation exists among function, structure and #uctuations.
ENVIRONMENTS AND VISCERAL NERVOUS SYSTEM
Some General Principles about the VNS Functional Role
Starting from the de"nition of a BS and taking the DS as an acceptable model of reference, the following generalization about the functional role of the VNS as a whole can be tentatively suggested.
(1) In all vertebrates, the VNS has been considered a complex system under the control of higher brain centers, the internal and the external environments (JaK nig, 1988; JaK nig & Habler, 1999; Folkow, 2000b) . The stimuli from the internal compartment may originate either from the visceral apparatus as visceral sensory information (Malliani et al., 1973; Recordati et al., 1976 Recordati et al., , 1980 Furness et al., 1999) , from humoral in#uences (hormones from endocrine organs, gastrointestinal tract, cytokines, etc.) and from higher brain centers as emotional and stressful stimuli, socio-cultural and cognitive experiences (Henry, 1997; Folkow, 2000a, b) . Stimuli arising from the external environment are transduced and conveyed by sensory and somatomotor systems to several areas of the nervous system, which give rise to a central representation of the outside world and may elicit somato-visceral re#exes (Sato et al., 1997) . The VNS acts as an interface (JaK nig, 1988; JaK nig & HaK bler, 1999) and transduces all the stimuli, chemicophysical, neurohumoral, emotional, etc., arising from these di!erent "elds into biological work. Therefore, the VNS behaves and works like a DS interfaced between higher brain centers, internal and external environments. For human beings, the mental reality, the state of bodily internal neurohumoral and visceral conditions and the external world are the VNS natural environments.
(2) Starting from the de"nition of the BS and taking the DS as a model of reference, the type of work that the VNS does, may be described as that of regulating and maintaining exchanges of matter, energy and information with its environments and of generating and distributing gradients in the internal environment, the visceral apparatus, along coordinated pattern. The terms matter, energy and information include all possible stimuli acting on this interface and all possible actions induced by it.
(3) As a consequence of the inherited plastic neuronal properties, internal as well external stimuli contribute in shaping the functional structure and organization of the VNS. This may be described as a relationship of reciprocal, circular, causality (for a discussion of the biological causality see Yates, 1980) : what the system is called upon to regulate, i.e. the exchanges of matter, energy and information, is what in turn in#uences its structure and function: the <NS is a plastic interface. This is a basic concept for our understanding of phylogenetic evolution of the VNS. In any case, time is an important variable to be considered. It has been shown that a stimulus active at the beginning of life may manifest its consequences many years later (Anand, 2000; Devroede, 2000) . Hence, this reciprocal causal relationship may also be true on an extended time base.
As a conclusion, the <NS may be described as a nervous DS, plastically interfaced between mind, body and external world, to regulate and maintain ordered exchanges of matter, energy and information within and among its environments.
Perspectives
The hypothesis presented here is a reproposal and development of the Hess's and Pick's theories on the functional role of the VNS (Hess, 1957; Pick, 1970 ) and a preliminary attempt at describing what caused the VNS to be what it actually is. It should be noted that this thermodynamic hypothesis does not look at the environmental stimuli as threatening the internal stability of the BS, as the HT does, but rather it presents the relationships between the BS and its environments and the responses to stimuli as naturally occurring events, which contribute to the functional organization and expression, adaptation and evolution of the VNS. It is proposed, therefore, that this approach should be used as a "rst line of reasoning to evaluate the functional role of the VNS.
In this context the HT may come into play, at a lower level of functional organization only, as the description of that group of physiological functions which are organized as negative 300 feedback mechanisms and which are directed to preserve the constancy of the internal variables. Homeostasis is, therefore, a relative concept and it depends from where one looks at it in the frame of the functional hierarchy. As stated by von Bertalannfy: &&The dynamic aspect of the problem is, therefore, the broadest one, because starting from the general law of systems and introducing at purpose limitations, it is always possible to reach mechanical functions, while it is impossible to go in the opposite direction.'' (translated from the Italian Edition, von Bertalannfy, 1971).
We know, furthermore, that in the course of evolution, functions, characterized by a positive interaction between stimulus and response have also emerged, such as the relation between sympathetic activity and energy balance (Young & Landsberg, 1977; Szekely, 2000) , the somatosympathetic re#exes (Sato et al., 1997) , and viscero-visceral spinal sympathetic re#exes (Beacham & Perl, 1964; Malliani, 2000) and the positive feedback interactions between angiotensin and the sympathetic nervous system (Zimmerman et al., 1984; Zanchetti, 1986; Recordati et al., 2000) . Di!erent structures with heterogenous functional meanings may therefore coexist. Hence, starting from the hypothesis of the DS as a model for the VNS origin and evolution, the thermodynamic hypothesis sets the general framework describing the functional role of the VNS as a whole and all theories so far described may "t this comprehensive framework as complementary, not mutually exclusive, components and as descriptive aspects of the integrated functions.
A "nal consideration concerns pathophysiology and disease. Given that risk factors and stress are part of our daylife, repetition of noxious stimuli may contribute in producing new organizations or reorganizations of the functional properties of the system with pathological outcomes (Cannon, 1953; Recordati, 1990; Rockman et al., 1997; Henry, 1997; Folkow, 2000b) . As is well known in several clinical settings, if, under appropriate therapy, stimuli cease and lifestyle changes, the VNS and the innervated target organs may recover their normal functional role.
We are dealing with a peculiar, very plastic system, whose structure and function may be altered in relation to environmental perturbations: even a stable function, like the baroreceptor-mediated re#ex regulation of circulation may lose its stability under particular environmental conditions, such as the virtual absence of the force of gravity. On the other hand, under the in#uence of repeated and inappropriate stimulations, less stable and more weakly organized structures, like the spinal sympathetic out#ow may reorganize and stabilize themselves (JaK nig & McLachlan, 1999; Ourednik et al., 2001) . Both the loss of stability and the acquisition of an improper function may contribute to the appearance of pathophysiological states and diseases.
The several critical reviews and the helpful constructive comments by Prof. A. Zanchetti, University of Milan, and Prof. E. R. Perl, University of North Carolina at Chapel Hill, are gratefully acknowledged.
